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Introduction: The KOTO experiment

5 The KOTO experiment aims to measure the Branching ratio (BR) of K; — 7°vv
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= Any deviation from the this value measured experimentally
would indicate physics beyond the SM
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Introduction: The KOTO experiment
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Overview of KOTO's DAQ system
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Computing nodes
Event selection, data

Storage nodes

Temporary data storage
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Pipeline readout and trigger

Each ADC FPGA has enough memory to buffer data for 5.2 ps v LI trigeer
Trigger master J No E in veto
Ko 11 detectors
o o vy - v Min. E in the
L1 pass? | CSI calorimeter
CSIE, VETO ~ 2.4 s ~ 24 s # CSI clusters |
1 (Just latency) ' Wi trigger 1
> module Number of clusters in
modu -
11 module V the CSI calorimeter i
Et, VETO \’
./ From each CSlI -
From each ADC &/ crate (11 total) 3
crate (18 total) 5 .
& 0.76 ug (20 clocks) per event
§ N

64-clock waveforms

from all channels
>

To event building blocR
(OFC-1 and OFC-II)

Analog
signals from

the detector Each ADC channel

16 channels per ADC module | 16 modules per ADC crate | 18 crates (11 just for the CSI calorimeter + 7 for VETO detectors)



Event building and the OFC modules

OFC-I OFC-II
» Enough memory to hold 46 events  Builds complete events from all OFC-I's data
« Up to 50 kEvents/spill with two OFC-lls e Sends them to the HLT through a 40 Gbps link
« Target OFC-ll is switched event by event « largets two HLIT nodes per spill
e ¢ § oror [ehie e -~
“ prs : OFC-I 36 Gbps x2
From * o
AD(e . : x ... To HLT
______ 4 )%%ps E OFC-I 36 Gbps x2
oSt JooFct [aGbpse e
2 Gbps Odd events Odd events
Even evente Even evente

« The integrity of incoming data is checked every spill and every event.

o If checks don't pass or buffers get full, errors are issued and DAQ stops until the next spill.



The new GPU-based High Level
Trigger of the KOTO experiment
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40 Gbps data capture

Made possible thanks to Netmap, an open source framework for fast packet 1/O[2]

Hardware Kernel Application (HLT)
From OFC-I1 E | -
I - Ri 0

40 Gbps | 5 — ) — @ Thread O
ps input x v o
through a single o
40G connection — . e

NIC Driver E:ii:i: S RAM
@ Thread 7/

8 threads take in parallel packets 8 HLT threads retrieve those

from the NIC into 8 ring buffers packets and move them to much
larger buffers on the RAM

The HLT nodes take advantage of the NUMA (Non Unified Memory Access) architecture:
o Threads involved in the 40G pcap are pinned to CPU cores with fastest access to the NIC

e HLT's RAM allocated in the memory region that those CPUs have fastest access to.

[2] https://github.com/luigirizzo/netmap



Event Reconstruction

o Based on CSI calorimeter data

Ch-by-Ch Energy

E = Integrated ADC x calibration constant

o Energy calculated for all CSI calorimeter
channels with on-time hits

o Calibration constants obtained from cosmic
data before beam time

ADC counts
N &~ o
o o o
o o o

1000 -
800 -
600 -
400 -
Pedestal
200 -
O T T T T T T
0 10 20 30 40 50 60
Time (125 MHz clocks)

hit time

[1] doi: 10.3389/fdata.2020.591315

Clustering

The clustering algorithm is an adaptation of the CLUE[ ]

algorithm, developed for CMSs new HGCAL:

«

1. Assign weights to crystals based on their energy (color)

2. Find the closest higher-E neighbor (arrows)

Seeds (@): weight > threshold and
no close neighbors with higher E

Outliers (X): weight < threshold and
no close neighbors with higher E

3. Expand clusters from seeds




Event Selection

1000

E T I >
> 800 T A 35%
o Applied only needed loose cuts. s00f a0g
No clusters in the shaded area tH 250
. : . . 200 f
Minimum total deposited energy in the calorimeter : .
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—2oof \ / —150
- R 1
_400
B \ 4 100
~600} :
, events that pass the online and offline selection _800f NI EEm=cas >0
. LS efﬁmency — . . ] | | | | | | | | |
events that pass the offline selection 1000055506 500 400 200 0 200 0600 801000 °
Trigger HLT-input rate (Spring 2024) Rate after event selection
K; — mvu 1.5 k/spill 1IN Unchanged |
K; — 31" (6clus.) 2.0 k/spill I Unchanged ] Tighter selection is not needed,
K+ = xtn 5.7 k/spill NN || /1.25(>98.7%cff) hanks to the reduction coming
rom P t ression an
K — 31" (5cus) | 4.2 k/spill I /1.30 (> 98.7% ff) om Pedestal Suppression and
; Waveform Compression
K; = meTe” 2.4 k/spill N /1.20 (> 99.3% eff.)
Others 1.9 k/spill 1IN Unchanged ] (Next two slides)
Total | 17.7 k/spill (20.0 Gbps) 17.2 Gbps




PedeStaI S u ppreSSiOn A spill from a physics run

400 ~

o Only ~40 of the almost 3000 CSI channels are hit per event 300 -

100 - ﬂJJ
o In practice, the suppression criteria is set to E € (-2 MeV, | MeV) "0 50 100 150 200 250 300
Hit CSI crystals

events

o Most channels without hit output very flat waveforms (noise)
that do not contain relevant information.

n
€ 1600
o Exempt from being suppressed are: S 1400
2 1200
» Waveforms from the main physics trigger and 1000 - A h
other special triggers 500 - waveform from a non-hit
CSI channel
» Waveforms from all veto detectors. 600 -
. . 400 - - - -
e Waveforms from low-gain CSI calorimeter channels
200
0 1 1 - . . .
0 10 20 30 40 50 60

Time (125 MHz clocks)
wavetforms accepted offline and suppressed online

, <0.1%
waveforms accepted offline m

P.S.inefficiency =



Wavetorm compression

o Conceptually very simple:
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64 bins 64 bins minimum
(16 bits)

oLossless

> Applied to all waveforms of all events

o Powerful

> Average compression factor of 3

o Very suitable for GPUs

>No complex operations involved

>Can be applied independently to all waveforms




Results: Data rate reduction at the HLT

HLT-input rate

rate after compression and

Trigger (Spring 2024 physics runs) Rate after event selection oed. suppression
K; — mvr 1.5 k/spill 1IN Unchanged I /3.2 |
K; — 37° (6clus) | 2.0k/spill 1R Unchanged [ /5.3 i
KT — atq’ 5.7 k/spill - I NN /1.25 L /5.4 [
K — 31" (5clus) | 4.2 k/spill NS /1.30 ] /53 1
K; — mlete” 2.4 k/spill /1.20 ] /5.3 [
Others 1.9 k/spill 1M Unchanged 1 /4.1 |
Total |  17.7 k/spill (20.0 Gbps) 17.2 Gbps 3.6 Gbps

Largest reduction factors come from pedestal suppression and waveform compression

No strict selection needed this time to overcome the |]-PARC to KEK bandwidth bottleneck




Conclusion

KOTO has successfully taken data this Spring after a major DAQ upgrade

> Event building performed in FWV, so the HLT gets complete events.
> Event selection and further data reduction implemented on GPU at the HLT

Together with the main K, — 7°vv data, KOTO is able to collect for the first time K; — 37° (5
hits on the calorimeter) to study veto inefficiencies,and K; — n’ete™ , to study the feasibility of its
future BR measurement.

The current DAQ HWV has the potential to take physics data at up to 50 kEvents / spill
> X2.5 higher than current rate

Large margin to tighten the current event selection and/or to add more cuts at the HLT




Backup



Error monitoring at the OFC modules
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Optical Link error:
Known data is received and checked at the beginning of every spill

Data alighment error:
whether data has been received from all inputs is checked event by event

0

Busy error:
Issued when input > output and memory starts becomes full
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Pedestal suppression inefficiency

Channels with low gain are masked, as their low peak/noise ratio makes the PS less efficient
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Pedestal suppression inetfficiency: Results in physics runs
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When the E criteria tails

ADC counts
(@)
N
)

530
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-@— chID: 875, offl E: 5.87; onl E: 0.039

PH < 10 counts (roughly 1 MeV) imposed together with the E criteria

50

60
Time (125 MHz clocks)



Event reconstruction and event selection efficiencies

# events that pass the online and offline selection

L3 efficiency =
Y # events that pass the offline selection

1: Non-selected data -> to OFC2 format -> Fed back to the L3 -> calculate eff. for different thresholds. (left fig.)

2: Thresholds are put into the L3 sw -> special "tagging” runs are taken -> expectations are verified during actual
physics runs (right fig.)

Before L3 maxR cut < 865
After L3 maxR cut
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randomly selected 1%) are used to re-

—

3: L3 thresholds fixed -> L3-selection is enabled. "L3-min-bias" events
measure the inefficiencies during real physics runs



Event reconstruction and event selection efficiencies

MinXY MaxR MinXY MaxR TotalE MinXY MaxR TotalE
X 100.0 : :
> | {} |
C _
U 99.8- . H
O ,
= B .. it
c 99.6- T | { |
-9 [ I ) {
o 99.4- | }
N
090.2 -
99 0 - L] e Before physics run
Special L3-Tagging runs
Usual physics runs
08.8 -
5S¢ Kp piQee
Trigger Efficiency | Rejected fraction
5y 08 7 L 0.9% 93.0 L 0.3% Efficiencies were high and stable

during the run. (green is right after
K+ 98.7 + 0.1% 20.0 + 0.2% implementing L3 selection, blue is
close to the end of beamtime)

K; = nlete™ | 99.3 +0.1% 16.0 + 0.3%

Table 9.1: Combined efficiency and rejection power of all L3 cuts applied to the 5v, K
and K; — meTe™ triggers.



Notes about online L3 reconstruction and selection

o Only fiducial (MinXY and MaxR) cuts applied to 5g, Fid + Total€ cuts are applied to K+ and piOee

o COE cuts for piOee and 5g were not applied, as the data rate was found to be within requirements even without
the cuts. They still have great potential and could be used in the future.
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5 | 5
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2 804 | 2 80
) : )
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_§ 40 : —== 0Online cut: 0.0 mm é 40
= ' =
= | 5
|
201 1 20 1
|
: — COE (eff)
] —— COE (rej)
0 ' 0 - Offline cut: 100.0 mm
|
0) 25 50 75 100 125 150 175 200 0) 25 50 75 100 125 150 175 200
Online cut position (mm) Online cut position (mm)

o The denominator of the efficiency does not include offline cluster-shape and mode-specific offline cuts.

o The efficiency calculation implies that the offline reconstruction is perfect.






DAQ etticiency in run91
L3 efficiency

= nEvents recorded offline / nEvents at OFC-Il output, using only spills where L1A and OFC-Il output are equal.

Run 91, only Physics. L3 eff: 97.80%
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DAQ etficiency in run91
Overall DAQ efficiency
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packet redirection

EtherType
I"C%T,'(';% IIIIIIIIIII-II HEEE
P SRC MAC  DST MAC Payload (9000 bytes) CRC

9 LSBs To decimal
Ml ‘ ‘ Queue No.
Toeplitz hash 32-bit hash mod 8

function Redirection table




Online clustering
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CLUE (the grid)
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Online pedestal calculation
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Compression factors

events (normalized)
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Circular buffers

Start

|
T [ ]
length

Linear buffer Circular buffer



